Polycrystalline diamond (PCD) 
I. Introduction
Substrates for heat sink are used in many technological applications, especially in high power and high speed electronics, like high frequency microwave devices, high power switches, high power lasers [1] [2] [3] [4] [5] [6] [7] etc. There is so much of heat generation that has to be dissipated for efficient operation of the devices [8] . As the Moore's law is becoming difficult to follow because of the limitation of Si material in terms of handling heat and leakage, in the coming years it is mandatory to find a suitable heat spreader material for packaging as many electronic circuits in as much smaller area. Diamond being highest thermal conductivity material can be an alternative semiconducting material of choice for high temperature operations and for quantum computation [9, 10] . Polycrystalline diamond (PCD) coatings have so far been used in various thermal management applications [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . CVD diamond has very high thermal conductivity of 5-13 W·m -1 K -1 , depending on the quality of the grown coatings. Cu has the highest conductivity among metals [22] . Table 1 shows thermal conductivity and thermal diffusivity values of different metals, ceramics and composites for potential thermal applications. It clearly indicates that CVD diamond is the best among all the available choices. Since diamond has conductivity well above any existing material it is difficult to measure their thermal properties by available conventional techniques. There have been several methods with certain percentages of margin of error for measuring thermal conductivity . Other than heat-spreaders, PCD coatings can also be used as optical windows because of its wide transparency spectrum (ultra violet to microwave). It can also be used in chemical cells for its chemical inertness to most of the acidic and basic reagents.
In the present work, thick PCD coatings were grown by microwave plasma CVD (MWPCVD) process as already reported by the authors [44, 45] . The grown coatings were made freestanding following their earlier procedures [46] . In this microwave plasma enhanced CVD process comparatively lower frequency of 915 MHz and a moderately low power have been used. The novelty of the process lies in the fact that only 8-10 kW of microwave power had been used for diamond growth over large area. In their earlier work, authors had described the MWPCVD process and tuning of the 915 MHz microwave reactor for optimised diamond growth. In previous reports, the thermal properties of the grown coatings were not characterized. Here, the thermal conductivity and diffusivity of the PCD coatings are being reported with corresponding microstructural characteristics. The grown PCDs were further characterized by using scanning electron microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) for their physical property evaluation and compared with the already published data. The thermal properties were measured by laser flash technique for evaluating their potential application in heatspreader or other optical application as PCD plates and foils.
II. Experimental
One microwave plasma enhanced chemical vapour deposition (MWPECVD) reactor (Diamotek 1800, Lambda Technologies Inc. USA) has been used for diamond growth as described elsewhere [44, 45] . The reactor parameters were varied and optimised [44] to grow two varieties of polycrystalline diamond (PCD) material. The present PCD sample processing conditions are described in Table 2 . The grown coatings were made into freestanding material for possible membrane application for heat-sink or any optics [46] . As-grown surface roughness of the samples was measured by coherence scanning interferometry (CSI -Contour GT-K, Bruker Nano GmbH, Germany). Scanning was performed over 0.88 mm × 0.66 mm surface area with 10× objective lens. Back scan and length parameters were 35 µm and 70 µm, respectively. Scanning electron microscope (SEM, LEO 430i Steroscan, UK) was used to see the surface morphology as well as the crosssectional features. Growth rates were calculated for each case from determination of thickness over definite deposition period. Raman spectroscopy (STR500, Cornes Technologies, formerly known as Seki Technotron) was used to evaluate the coating quality in terms of the amount of diamond to non-diamond deposition. 514.5 nm Ar + ion green laser was used with 50 mW power. The Raman signals were taken over 10 seconds of exposure time with 2 times of data acquisitions, using 1200 grating size and 50× objective lens of the spectrometer. Intrinsic stresses of the films in GPa were calculated from the Raman signals with the formula, γ = −0.567 · ∆υ, where ∆υ is the peak shift in cm -1 [47] . Minus sign was used to incorporate compressive and tensile nature of the stress present. Moreover the amount of diamond to non-diamond deposition was estimated by quality factor, Q = I d /(I d + I glc ) · 100 (%), where I d and I glc are the Raman peak intensities for diamond and graphite like carbon, respectively [48] . X-ray diffraction (XRD) (PW 1710, Philips Research Laboratory, Eindhoven, The Netherlands) patterns with Cu-Kα radiation (45 kV, 35 mA) were also recorded for the grown coatings. X-ray photoelectron spectroscopy (XPS) was carried out with a PHI 5000 Versaprobe II scanning XPS microprobe manufactured by UL-VAC PHI, USA, customized for CSIR-Central Glass and Ceramic Research Institute. Details about the instrument can be found from recently published literature [49] . Thermal diffusivity and conductivity were measured by laser flash technique at diamond materials laboratory at 
III. Results and discussion

Microwave plasma CVD of diamond
Black quality thick PCD coatings were grown by microwave plasma CVD process as described in Table 2 . The coatings were grown over almost identical processing conditions. The sample W1 was deposited over 34 hours duration with an intermediate break after 12.5 hours running, with a change over from 850 sccm to 500 sccm flow rates of hydrogen gas, keeping CH 4 : H 2 ratio constant at 3%. The substrate temperature variation was from 1000-1080°C when hydrogen gas was flowing at higher rates but as the total gas flow rates were brought down from 875.5 sccm to 515 sccm, the substrate surface temperature variation got enhanced across the 100 mm diameter silicon wafer surface, varying from 920-1140°C. Such a wide temperature distribution across the 4 inch diameter wafer samples W2, W3 and W4 was also noticed during other deposition runs under similar processing parameters for MWCVD. The reason may be the corresponding change in the stage height. The samples W1, W2, W3 and W4 were kept on the water cooled stage during MWPCVD. Silicon substrates were heated only by microwave plasma as there was no additional substrate heater present under the stage. So by suitable adjustments of microwave antenna (probe) and the length of the microwave cavity (distance between stage and short), a hemispherical plasma was generated inside the vacuum chamber. Now the shape and volume of the plasma ball depend on the respective positions of probe, short and height. It was noticed that when the deposition run was interrupted for W1 sample after 12.5 hours, to decrease the hydrogen flow rate, the plasma ball became smaller in volume. So in order to cover the entire 100 mm diameter of the silicon wafer surface area, the stage height was reduced from 1 cm to 0.9 cm, which resulted in regaining full substrate surface coverage of the hemispherical plasma ball. But, it was observed that such change in stage height also affected the wide temperature distribution across the 100 mm diameter surface of the substrate. Since for the sample W1, both the hydrogen gas flow rates and the stage height were altered, it could not be concluded, that which affected the corresponding wide temperature variation. So in the later cases, i.e. for W2, W3 and W4, the hydrogen and methane gas flow rates were kept same as was for the sample W1 deposition condition after interruption. But in all the later cases similar trend in wide temperature variation was noticed. So it was decided to reduce the microwave input power from 9300 to 9000 W. But reduction in input heating energy may have only decreased the limits of upper and lower temperature limits of such temperature variations for the samples W3 and W4. It was observed that such reduction in microwave input power could not prevent temperature to vary as widely as by 240°C from point to point on the substrate surface. So it may be inferred that the high gas flow rates are essential for uniform temperature distribution. Authors have thoroughly presented their findings about tuning of microwave reactor parameters for establishing temperature uniformity across the silicon substrate surface [44] . In another paper [45] they have presented the optimisation of microwave plasma CVD process for growing large area PCD coatings. The same coating investigated earlier [45] have been used here for comparing the black quality coatings (Table 1) with translucent white freestanding PCD coatings. White coatings were grown using 1000 sccm flow rates at 2% CH 4 to H 2 gas flow ratio. Since to produce whiter variety of coatings a higher total gas flow rate of 1020 sccm was utilised, there was very minimum temperature spread of only 100°C across the 100 mm diameter substrate surface area.
As-grown diamond surface morphology -SEM, CSI, XRD
This wide spread in temperature across the substrate surface regions have resulted in varied microstructure of the as-grown PCD coatings. Figure 1a shows the dense octahedral pyramids observed under scanning electron microscope for the sample W1, whereas cubic pyramids were noticed at some surface points for the sample W2. The crystal sizes varied from 11 µm to 38 µm for samples as detailed in Table 3 . It is interesting to note that the grain sizes are within 11-14 microns for the samples W1, W2 and W4, but the sample W3 has grain sizes almost four times larger. The sample W3 was deposited over 96 hours of deposition whereas other samples W1 and W2 were deposited for lesser hours of deposition. It was expected that with increase in hours of deposition the crystal sizes will become bigger and bigger, but for the sample W4, although it has the highest hours of CVD growth time, the resultant average grain sizes are not greater than the sample W3 (grown over 96 hours), but it has much lesser value of 12.5 µm. Now if this result is compared with our earlier reported samples [45] , we could see that it had average grain size value in between 8-9 µm, which is comparable to W1, W2 and W4 but not at all matching with W3 grains. It is to be noted that the samples from the previous paper were grown over 80 and 116.5 hours of deposition. This abrupt change in grain size for the sample W3 may be due to the cubic pyramids that have grown during CVD process, whereas for other samples the (111) facets of the diamond pyramids are visible. The thicknesses of the samples were measured under cross sectional scanning electron microscopy which revealed columnar structures of the CVD diamond coatings as shown in Fig. 2 . If we look at the bottom layer of the cross-sectional SEM micrograph, we could notice that there are distinct individual crystallites with random orientations. Columns start to grow over these randomly oriented crystallites, once they coalesce with each other. The vertical direction growth occurs along the fastest growing planes prevalent among the crystals and the resultant as-grown surface has very high surface roughness due to difference in heights of the growing columns.
These as-grown surfaces, embedded with cubic, cubo-octahedron and octahedron crystals were scanned with a laser surface profilometer. Figure 3 shows the typical micrographs of CSI scans. It can be seen that the samples W1 and W2 has comparatively lower roughness (Table 3) in the order of 2-3 µm whereas the samples W3 and W4 have relatively higher values of surface roughness. This roughness arises due to the asperities and valleys present on the as-grown surface of the PCD and again that is reflected from octahedron and cubic crystals present on the top. Since W3 had predominantly (100) flat surface morphology (in the region where the CSI scan was taken over), it was expected that it would give lower roughness value but to the contrary it has relatively high surface roughness, may be due to larger crystal sizes. The CSI scan revealed surface regions over 100 mm diameter wafer surface area, where there are very big abnormally grown diamond single crystals. It is to be noted that the initial surface roughness of the bare silicon wafer was 30 nm. When the black coatings grown during the present study are compared with our earlier published work samples, it can be seen that it has a much smaller Ra surface roughness of 1.96 µm (Fig.  3d) . Whereas a very high surface roughness was earlier reported, in the order of 3-4 µm, which was further reduced to nanometer level by surface planarization.
The thicknesses of the coatings were then divided by the respective deposition times, giving the growth rate for each sample, as shown in Table 3 . Again it could be observed that the growth rates are comparable for the samples W1, W2 and W4, but for the sample W3, growth rate is considerably high. Now, diamond CVD growth rates depend on several processing parameters like pressure, substrate temperature, methane percentages etc. It is well known in the literature [50] that with increase in substrate temperature and methane percentages, the growth rate increases and reaches an optimal value before start decreasing (rather degrading) further. When we compare the present work samples W1, W2, W3 and W4 with our earlier studied samples [45] , we can infer that in the present study higher percentages of methane gas results higher growth rate in the order of 2-3 µm/h whereas reported samples [45] had only 1 µm/h of growth rate. Both the values of growth rates are in agreement with reported literature using similar experimental reactor by Zuo et al. [51] . The slow deposition rate earlier produced whiter variety of diamond coating whereas all the samples in the present study have black texture. Now, it is to be observed that in our earlier paper, PCD was grown with 2% methane concentration in 1000 sccm of hydrogen flowing gas, whereas in the present work, 3% methane was flown into 500 sccm of hydrogen gas plasma. The effect is twofold: (i) the asgrown PCD becomes darker in texture with more number of defects present inside and, (ii) the substrate surface centre temperature becomes very unstable. In our previous study for the whiter grade PCDs, the temperature remains more stable at 1050°C, but in the present work we report very wide temperature instability at the centre as well as across the 100 mm diameter silicon substrate surface. It is well known that CVD diamond growth has a definite temperature window from 700-1200°C. The growth rate is slow at the lower temperature range and it increases with increasing temperature and then fades out as it reaches higher temperature domain. Now, it may have happened here that the temperature of the substrate surface region, where the SEM micrograph was taken from, for the sample W3, was at the higher temperature suitable for high growth rate, whereas for the samples W1, W2 and W4, the temperature was conducive for moderate growth rate. This may have happened if we consider only the substrate temperature parameter. Growth rate also depends on other factors like chamber pressure, methane percentages, deposition time etc. It is well known that higher methane percentages will result in higher growth rate but at the expense of its quality. This exactly has happened in our present work for changing to 3% of CH 4 concentration in the precursor gas composition. But in authors' earlier reported study a comparatively lower growth rate was achieved, with lower methane percentage and with higher flow rate of hydrogen. Role of hydrogen is to produce purer PCD crystals and that was exactly the reason behind getting white diamond in our earlier work [45] . Now, if we consider the effect of chamber pressure on the growth rate of diamond, it can be observed that higher pressure leads to higher substrate temperature for microwave plasma CVD and also it enhances the growth rate. There is a pressure window where the growth rate is linear with pressure but after 120 Torr of chamber pressure it has been reported to increase exponentially the growth rate before attaining saturation value [50] . In the present case the used chamber pressure was 118 Torr which is slightly below the pressure value where exponential rise of growth occurs. So it could not be observed any rapid rise of diamond deposition rate with time. In our earlier study, still lower pressure of 110 Torr was used, which may be another reason of getting further lower growth rate for the white PCDs. Deposition time plays very important role in determining the thickness of the PCD. As it is known that initially the thickness does not increase much due to nucleation and growth of diamond colonies on the substrate surface, once they coalesce with each other, the thickness increase rapidly to give definitive texture to the film, perpendicular to the substrate surface. Once texture has been formed the thickness increase uniformly with almost constant growth rate.
Important parameter in determining growth rate is the residence time of the precursor gases inside the deposition chamber. For a given chamber volume and with constant precursor gas flow rates, the residence time increases with chamber pressure. So if 515 sccm of methane hydrogen gas mixture is fed into 5 litre vacuum deposition chamber at 118 Torr, then the estimated residence time is about 1.5 minute. On the other hand in our earlier work [45] , the total gas flow rate was 1020 sccm inside the same 5 litre chamber at 110 Torr, giving rise to a residence time of 43 seconds, approximately. As long as the gases are present inside the vacuum chamber, they are undergoing chemical reactions, leading to deposition of diamond. The amount of carbon that gets converted into diamond during residence time inside the reaction chamber is the carbon conversion efficiency. It is expected that lower flow rates will lead to higher residence time thus giving rise to higher carbon conversion to diamond, sometimes with co-deposition of non-diamond phases with degradation of overall quality. Now the samples W1, W2, W3 and W4 were grown with higher residence time compared to the previous work [45] , and higher carbon conversion efficiency has led to secondary nucleation of the grown PCDs (Fig. 4a) . Such high residence time has degraded the overall PCD quality in terms of crystal defects and Raman signals (Fig. 5) . Secondary nucleation sites also define the diamond film quality. It is noticed that as the growth rate increases, the points of secondary nucleation also increases, leading to poorer quality of diamond films (sometimes cauliflower like morphology, but was not observed in the present case). So to get a higher quality film it is desired that hydrogen flux has to be higher to clean the as-grown diamond surface from non-diamond deposition and also lower percentages of methane to be used to avoid secondary nucleation. The X-ray diffraction peaks (Fig. 4b) for all the samples have reflection peaks from (111) planes with additional peak from (220) plane. The texture of the film is determined by the fastest growing direction perpendicular to the substrate surface. After the initial nucleation and surface coverage period, the fastest growing direction outfast other growth direction along the perpendicular direction to the substrate surface. Once the texture has been formed (fastest growing crystal direction perpendicular to the surface) the diamond surface morphology is defined by the slowest growing planes. The diamond film morphology depends on the preferential growth of different planes along different directions. It is well known [50] that diamond crystals grow fastest along [111] directions to give cubic crystals and when the growth rate along [100] direction is the high- est with preferential growth of (100) planes, the resultant crystal morphology is octahedron, surrounded by (111) [52] on diamond surface morphology reported evolution of (111) to (100) to secondary nucleated microcrystals as the methane percentages are increased gradually. But here CH 4 gas flow rates were constant for all the samples. So it can be concluded that the reason behind formation of cubic crystals may be very high substrate surface temperature at the point of measurement under scanning electron microscope. In our earlier published results [44] , it has been shown that how the substrate temperature varies widely across the 100 mm diameter silicon substrate surface, and it was also observed that efficient tuning of the reactor parameters helped in achieving better thermal management for CVD diamond growth. In the present case, citing earlier work report [53] , it can be inferred that cubic morphology and abnormality in substrate temperature was responsible for such anomaly in results for as-grown region of study for the sample W3.
As-grown diamond surface quality -Raman, XPS
If we look at the Raman signals (Fig. 5 ) from these samples it can be found that the diamond peaks are present with some shifts from theoretical sp3 peak position of 1332 cm -1 . As the samples were made freestanding, it can be said that these shifts are due to intrinsic stress present in the film due to CVD processing. The FWHM values are quite high showing the inferior quality of the coatings. It is the convention that FWHM greater than 12 cm -1 to be counted as poor quality diamond and coatings with less than 12 cm -1 FWHM values are considered purer quality coating. Going by this standard, it can be stated that W1 and W2 are bad in quality compare to W3 and W4 PCD samples. Whereas, our earlier reported samples [45] had only 3.6 cm -1 FWHM, showing high quality white grade diamond deposition. Another quantitative way of assessing the quality of the PCDs is by calculating percentage ratio of the diamond to non-diamond content of the coatings. The Raman peak position shift, intrinsic stress and quality have been tabulated and are shown in Table 3 and Fig. 5 . It is to be noted that the best signals were obtained from the sample W3 with the best quality factor ratio (∼87%) and the least compressive stress (−0.6 GPa). The reason behind such a good quality can be attributed to its bigger grain size (∼38 µm). The Raman signals were taken using confocal microscope with 50× objective lens giving a 5 µm laser spot size. Now, the grain sizes of W1, W2 and W4 are in the order of 10 micron which is very likely to include grain boundary during Raman signal acquisitions, whereas the large grain size of the sample W3 might have avoided grain boundary region signal acquisitions, which is the reason behind high intensity signals from the sample W3 (Fig. 5c) . Moreover, the intrinsic stress value is also the lowest for W3 among others. This can be attributed to low defect density in large PCD crystals but this result is in contradiction to another highest value for W3, i.e. its growth rate. So it is important to understand the growth mechanisms present in W3 in comparison to the others. Figure 6 describes the typical growth features observed in W3 and other samples. It is to be seen that the W3 crystals are formed by stacking of successive (100) facets (Fig. 6b) whereas crystals of other samples have (111) surface morphology (Fig. 6a) . (111) planes become evident (Fig. 6a) as (100) planes are stacked upon each other with [100] as the fastest direction. On the other hand, (100) facets are evident (Fig. 6b) for W3 in the growing surface when the (111) planes stack upon each other along [111] direction to produce cubic morphology. It can be seen that such cubic crystal surfaces are embedded with spiral growth features (even was visible under CSI scan and optical microscope). The surface temperatures for the sample W3 were so abnormally distributed that we noticed at some locations very large diamond single crystals (abnormal grain growth) as shown in Fig. 6c . Such crystals were square in shape and somewhere as big as 300 µm in size. Under optical microscope, spiral growth features were observed on the top surface of such big single crystals, along with twinning. On the other hand, octahedrons crystal growth is characterized by side surface step-wise pyramidal structures (Fig. 6a) .
So far it has been observed that there are two varieties of the as-grown PCD samples. One set of samples have characteristic black texture and the authors' earlier reported sample had white texture (Table 4 ). It has also been seen that the black samples are of inferior quality to the whiter variety of diamond samples. So, it was essential to characterize the elements present on the black and white diamond surfaces. X-ray photoelectron spectroscopy was done for the W3 (being of special nature) and white PCD samples (supply from paper [45] ). Figures 7c,f are the O1s binding energies for oxygen contaminated diamond surface at the theoretical peak position of 531 eV and all the spectra are aligned with respect to this O1s binding energy position. Figures 7a,d show the survey scan for detecting elements on the surface of the as-grown PCDs. Diamond surface was not devoid of oxygen as the samples were kept outside, under atmospheric condition, after taking out from microwave plasma CVD chamber and before putting inside XPS vacuum chamber. Theoretical position of C1s peak is at 284.4 eV for CVD diamond [54] and Fig. 7a shows a downshift in peak positions by 1.4 eV for black grade diamond and Fig. 7d shows an upshift in peak position by 0.2 eV for white grade diamond respectively. Moreover, it can be found that the intensity of O1s peak is less for black grade diamond in comparison to white grade PCD sample. This implies that the fresh diamond surface is more susceptible to oxygen absorption under atmosphere for white diamond than its darker variety. The reason may be sp3 carbon in the white diamond sample which adsorbs more oxygen than con- taminated variety of the darker samples. In other words, purer diamond surface has more dangling bonds to adsorb atmospheric oxygen than the less pure diamond, where the surface might be contaminated with graphitic and amorphous carbon structures, which do not have as many unsaturated surface bonds as pure diamond surface to adsorb oxygen. Now, when individual C1s peaks are analysed for both the grades of PCDs, it is seen that the individual C1s peak can be de-convoluted into three separate peaks. It is known from the literature that amorphous carbon and graphite phase give XPS peaks at 284.4 eV and 284.3 eV, respectively, which are unfortunately coinciding with theoretical binding energy values for diamond films. Now, in the present study, for both varieties of diamond there are three deconvoluted C1s peaks, each of which may correspond to diamond, amorphous carbon and graphitic inclusion in the as-grown PCDs. So it can be concluded that XPS can not be termed as phase identifying characterization tool for CVD diamond samples. But the C1s peak can indicate the extent of contamination of the diamond sample. Figure 7b ,e shows the presence of all forms of carbon without pointing out definite phase but from the highest peak intensities it can be inferred that the binding energy for diamond phase correspond to 283 eV for the black grade and 284.6 eV for the white variety of diamond.
Diamond thermal and optical properties
In order to measure the thermal properties of the white and black grade diamonds, it was necessary to cut the samples into desired geometrical shape and size. The thicker black grade sample was cut into 12.5 mm circular discs and the whiter samples were cut into 40 mm circular plates by 1064 nm Nd:YAG solid state 10 W laser under open atmosphere. The thickness was again measured directly by a screw gauge, as well as from mass and size of the sample. It was found that the two thicknesses differ largely. This difference can be attributed to inherent porosity in the thin film structure introduced during CVD process. While calculating thermal diffusivity and conductivity, the thickness obtained from mass, was used. The thickness measured by a gauge was too high because of high surface roughness (and a curvature of the plates). It was found that when the PCD was adhered to the base silicon substrate, the surface was flat and parallel. But it was due to strong bonding between the substrate and the coating. Since sili- con and diamond has different co-efficient of thermal expansion, the as-grown PCD coatings remain under compressive stress once the CVD processing temperature comes down from 1000°C to the room temperature. It has been observed that when the PCD is made freestanding from the base silicon substrate, the diamond plates or foils have some curvature left within. But here, the resultant error (±15%) in the thermal conductivity measurements is mainly due to the uncertainty in film thickness. Density of diamond was used 3.51 g/cm 3 and the heat capacity was taken 0.51 J·g -1 K -1 during calculations. Thermal diffusivity was measured to be 3.5 cm 2 /sec for the black diamond, whereas, the white diamond gives 3.7 cm 2 /sec thermal diffusivity (Table  4) . It was again found that the thermal conductivity of the black type of PCDs is marginally less than that of the white variety diamond. All these thermal property values correspond to perpendicular to the surface of the diamond plates, not their in-plane results. Reported literature values of thermal conductivity for CVD grown diamonds vary from 5-20 W·cm -1 K -1 . In the present study the coatings fall in the lower range of the reported values available from other research papers. But such values of 6 W·cm -1 K -1 or more, is well above any other available metal, ceramic or composite material (Table  1) . Thus, these freestanding diamond coatings can be used for potential heat spreader application for thermal management. Moreover, these freestanding plates have found to be translucent in case of the whiter grades PCDs with very high refractive index of 2.41 [46] . But the black colour coatings are completely opaque in nature so it has limitations for thermal management applications or any biological applications. Whereas, the white grade diamond plates can be used in high power optics for transmission windows.
IV. Conclusions
Polycrystalline diamond films have been grown by microwave plasma CVD. The as-grown coatings have varied microstructure from perfect octahedral to perfect cubic crystals. This wide range of surface morphology was due to wide variation of surface temperature of the silicon substrate. The cubic crystals were grown with spiral growth features on the surface and the octahedrals were grown with stepwise side growth surface. The intermediate microstructures of cubo-octahedrals are embedded with secondary nucleation crystals on the side surfaces. Abnormality in surface temperature distribution also results in abnormal crystal growth. Raman and XPS results show that better quality coatings can be grown with higher amount of hydrogen gas with low methane percentages. Such whiter grade coatings have much better thermal and optical properties, suitable for many technological applications as freestanding diamond plates, whereas the darker variety PCDs can only be used for thermal applications.
